Introduction
============

Diabetes mellitus (DM) is a major risk factor for the development of cardiovascular diseases that are commonly grouped into microvascular diseases (like retinopathy, nephropathy and neuropathy) and macrovascular disorders (including ischaemic heart disease, peripheral vascular and cerebrovascular diseases) \[[@b1]--[@b5]\]. However, the macrovascular complications are the major contributors to the morbidity and mortality in diabetes and are associated with high incidence of cardiovascular diseases including stroke \[[@b6]\], myocardial infarction \[[@b7]\] and diabetic foot ulceration \[[@b8]\]. Although the mechanisms for the development of diabetic macrovasculopathy are complex and remain poorly understood, one of the key components is considered to be endothelial dysfunction and impaired vascular repair and regeneration with inadequate collateral vascular formation \[[@b9], [@b10]\]. Improving endothelial function and angiogenesis could serve as a new important therapeutic strategy for diabetic macrovascular diseases.

Vascular endothelial growth factor (VEGF) plays a critical role in the function and structural integrity of endothelial cells and angiogenesis \[[@b11], [@b12]\]. Bone marrow mesenchymal stem cells and other progenitor cells are important sources of VEGF \[[@b13], [@b14]\]. Recently, bone marrow mesenchymal stem cells including multipotent adult progenitor cells (MAPCs) have been shown to promote vascular regeneration, enhance neovascularization and improve myocardial function in the setting of ischaemic injury at least partially through their paracrine/autocrine actions including secretion of VEGF after cellular transplantation \[[@b15], [@b16]\]. Signal transducer and activator of transcription 3 (STAT3) is a member of the STATs family and is expressed in a variety of normal cells (such as B cells, endothelial cells, cardiomyctes and bone marrow stem cells) and cancer cells (like M1 leukaemia cells) \[[@b17]--[@b19]\]. STAT3 is activated when it is phosphorylated at tyrosine 705 by janus-activated kinase (JAK) like JAK2, leading to the dimerization of STAT3 followed by translocation into nucleus and initiation of various biological responses \[[@b20], [@b21]\]. STAT3 signalling is important in the regulation of VEGF expression and function in vascular endothelial cells and cardiac myocytes as well as cancer cells \[[@b22]\]. On the other hand, existing evidence suggests that VEGF also promotes the activation of STAT3 in vascular endothelial cells \[[@b23], [@b24]\], indicating an interactive relationship between STAT3 and VEGF. Recently, it is reported that STAT3 signalling mediates VEGF production in mouse bone marrow stem cells \[[@b19]\]. VEGF expression in bone marrow mesenchymal stem cells is also reported to be enhanced when Akt is overexpressed in the cells \[[@b25]\].

Adult bone marrow multipotent progenitor cells (MAPCs) are a type of special cells that are isolated and cultured from postnatal human and rodent tissues including bone marrow, muscle and brain \[[@b26]--[@b28]\]. These cells have been well characterized and are able to differentiate into multiple cell lineages including endothelial cells and neurons \[[@b27], [@b28]\]. MAPCs have been shown to secret VEGF and significantly contribute to the angiogenesis and revascularization in the setting of ischaemia \[[@b29]\]. In the present study, experiments were designed to investigate the effects of high glucose (HG) on VEGF expression in bone marrow stem cells and JAK2/STAT3 signalling. Rat MAPCs (rMAPCs) were used as the source of bone marrow stem cells. We found for the first time that VEGF expression in rMAPCs was dramatically decreased by high level of D-glucose, but not by mannitol. The decreased VEGF expression was associated with significant suppression of JAK2/STAT3 phosphorylation in these cells. The selective inhibitor of JAK2/STAT3 signalling AG490 significantly suppressed JAK2 and STAT3 phosphorylation as well as VEGF expression. These data indicate that VEGF expression in rMAPCs is significantly impaired by HG very likely *via* inhibition of JAK2/STAT3 signalling pathway.

Materials and methods
=====================

Dulbecco's Modified Eagle medium (DMEM) and streptomycin were purchased from Gibco BRL (Carlsbad, CA, USA). MCDB-201, 1× insulin-transferrin-selenium (ITS), 1× linoleic-acid-bovine-serum-albumin (LA-BSA), dexamethasone, ascorbic acid 3-phosphate, fibronectin (FN), mouse epidermal growth factor (EGF), D-glucose, mannitol and JAK2 inhibitor AG490 were obtained from Sigma Chemicals (St Louis, MO, USA). Human platelet-derived growth factor (h-PDGF) was from R&D Systems (Minneapolis, MN, USA). Foetal calf serum (FCS) was from Hyclone Laboratories (Logan, UT, USA). Mouse leukaemia inhibitory factor (LIF) was purchased from Chemicon (Temecula, CA, USA). Anti-phospho-specific (Tyr705) STAT3 monoclonal antibody, anti-phospho-specific (Tyr1007/1008) JAK2 monoclonal antibody, anti-phospho-specific (Ser473) Akt monoclonal antibody, anti-STAT3 monoclonal antibody, anti-JAK2 monoclonal antibody, anti-Akt monoclonal antibody, anti-rabbit horseradish peroxidase (HRP) antibody were from Cell Signaling Technology (Beverley, MA, USA), and anti-mouse horseradish peroxidase (HRP) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). TACS Annexin V-FITC Apoptosis Detection kit and ELISA Kit materials for VEGF measurement were from R&D systems (Minneapolis, MN, USA). Cell proliferation ELISA Brdu (colorimetric) kit was obtained from Roche Applied Science (Penzberg, Germany). Supersignal west pico chemiluminescent substrate kit and BCA protein assay kit were from Pierce (Rockford, IL, USA). Rat spleen total RNA was obtained from Ambion (Austin, TX, USA).

Cell culture
------------

Rat MAPCs (rMAPCs) were isolated and cultured as previously described \[[@b28]\]. After isolation and purification, the cells were cultured in expansion media consisted of 60% DMEM and 40% MCDB-201 with 1× ITS, 1× LA-BSA, 10^−9^ M dexamethasone, 10^−4^ M ascorbic acid 3-phosphate, 100 units of penicillin, 100 units of streptomycin, 2% FCS, 10 ng/mL human PDGF, 10 ng/ml mouse EGF, and 1000 units/ml mouse LIF in FN-coated plates. The cells were kept at 37°C, 5% O~2~ and 95% N~2~ at a density of 2--4 × 10^2^ cells/cm^2^ in 10-cm petrie dish, and split every 48 hrs. To determine the level of VEGF expression and JAK2/STAT3 phosphorylation, the cells were reseeded at 4.5 × 10^4^ cells/cm^2^ in 24-well plate or 6-well plate without growth factors or LIF in the media. To investigate the effects of high level of D-glucose or AG490 on VEGF expression and JAK2/STAT3 signalling in rMAPC, D-glucose (15 and 30 mM, final concentration) or AG490 (50 μM, final) was added into the culture media. Of note, the concentration of D-glucose in normal culture media was 5.5 mM. Mannitol (24.5 mM) was used as a control to rule out any effect of hyperosmolarity (HO) on the cells. The cells and media were collected at 24 and 48 hrs after high-density culture for measurement of VEGF mRNA and protein, and analysis of total and phosphorylated JAK2, STAT3 and Akt as described below.

Apoptosis assay
---------------

The rate of cell apoptosis was determined by using the TACS Annexin V-FITC apoptosis detection kit according to the manufacturer's protocol. The cells were harvested after 48 hrs of incubation and washed with cold phosphate-buffered saline (PBS) with 2% BSA. The rMAPCs were then collected by centrifugation and gently resuspended in the Annexin V incubation reagent containing 1 μl annexin V-FITC and 10 μl propidium iodide in a total volume of 100 μl with cell density of 1 × 10^5^ cells/100 μl. The cells were then incubated in dark for 15 min. at room temperature, and mixed with 400 μl binding buffer. The preparations were analysed by flow cytometry within 1 hr for maximal signal. The cells were separated into three distinct populations: (*i*) viable cells that were negative for both annexin V and propidium iodide; (*ii*) apoptotic cells that were labelled only with annexin V-FITC and (*iii*) necrotic cells that were positive for both annexin V and propidium iodide.

Proliferation assay
-------------------

BrdU incorporation ELISA immunoassay was performed to assess the proliferation of rMAPCs as per the manufacturer's protocol. All the samples were prepared in quadruplet. OD was measured at 370 nm (reference wavelength 492 nm) using VERSAmax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).

Quantitative RT-PCR analysis for VEGF expression
------------------------------------------------

VEGF gene expression in rMAPCs was assessed after 24 and 48 hrs of culture. Total RNA was extracted from rMAPCs with RNeasy Micro kit (Qiagen; Valencia, CA, USA) as per manufacturer's instruction and quantified by spectrophotometry at 260 nm. Reverse transcription was performed using a TaqMan Reverse Transcription Reagents Kit (Applied Biosystems; Branchburg, NJ, USA), and the cDNA underwent 40 rounds of amplification (ABI PRISM 7900; Perkin Elmer/Applied Biosystems) with the following reaction conditions: 40 cycles of a two-step PCR (95°C for 15 sec., 60°C for 60 sec.) after initial denaturation (95°C for 10 min.) with 1 μl cDNA solution and 2× SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK). The primers used were: for VEGF: 5′-AAAAACGAAAGCGCAAGAAA-3′; 5′-TTTCTCCGCTCTGAACAAGG; and for GAPDH: 5′-TGCACCACCAACTGCTTAG-3′; 5′-GATGCAGGGATGATGTTC-3′. The mRNA levels were normalized using GAPDH as housekeep gene.

VEGF measurement using ELISA
----------------------------

The rMAPCs-conditioned media were collected and stored at --80°C until analysis. VEGF concentration in the rMAPCs-conditioned media was determined by enzyme-linked immunosorbent assay (ELISA) using a commercially available ELISA kit as per manufacturer's instructions. All samples and standards were prepared in duplicate.

Western immunoblot analysis for Akt, JAK2 and STAT3 phosphorylation
-------------------------------------------------------------------

Western immunoblot analysis was performed to determine the phosphorylated and total levels of JAK2, STAT3 and Akt proteins as described in detail previously \[[@b30]\]. Briefly, cell lysates (40 μg protein/lane) were loaded on a 10% gradient SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane after electrophoresis. The membranes were incubated in 5% non-fat milk for 1 hr and then exposed to the primary antibodies (Abs, 1:1000) against phosphorate-JAK2 (Tyr1007/1008), JAK2, phosphorate-STAT3 (Tyr 705), STAT3, phosphorate-Akt (Ser 473) and Akt overnight at 4°C. The preparations were washed with TBST, and blocked in 5% milk for 1 hr, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary Ab (1:3000). The protein levels were determined using supersignal west pico chemiluminescent substrate kit. The films were developed using Kodak Biomax film by Kodak X-OMAT 2000A processor; and the band density was analysed using Scion Image software (Scion, Frederick, MD, USA).

Immunofluorescence staining
---------------------------

Intracellular VEGF and the nuclear translocation of phosphorylated STAT3 were analysed with immunofluorescence staining. Rat MAPCs were cultured in the media with normal glucose (NG), HG and HO (mannitol) for 24 hrs, then fixed with 2% paraformaldehyde for 10 min. followed by membrane permeabilization with 0.1% triton X-100 at room temperature for 10 min. Cells were washed three times with PBS, and blocked with 1.5% goat serum in PBS for 1 hr at room temperature. The preparations were then incubated with the primary Abs (1:100) in blocking solution overnight at 4°C. After washing three times with PBS, the cells were exposed to the second FITC-conjugated Ab (1:200) in blocking solution for 60 min. at room temperature in dark. The preparations were then examined under Nikon Eclipse TE 2000-S fluorescence microscope (Nikon Instruments, Melville, NY, USA).

Data analysis
-------------

All data were expressed as mean ± S.E. and analysed by paired Student's t-test or one-way ANOVA using SPSS 13.0 software (SPSS, Chicago, IL, USA). The results were representative of four independent experiments. The difference was considered to be significant when *P* \< 0.05.

Results
=======

Effects of HG on VEGF expression in rMAPCs
------------------------------------------

We first evaluated the transcriptional expression of VEGF gene as reflected by mRNA level in rMAPCs with RT-PCR under normal culture condition. As shown in [Fig. 1A](#fig01){ref-type="fig"}, the transcriptional expression of VEGF was readily detectable in rMAPCs after 24 hrs of culture in normal media with a D-glucose concentration of 5.5 mM. The VEGF mRNA level was over 15 times (15.5 ± 1.7 *versus* 1, *n*= 4, *P* \< 0.05) that of control (d0). When the cells were incubated with 30 mM D-glucose, VEGF mRNA level was significantly decreased by 49% to 7.9 ± 1.6 (*n*= 4, *P* \< 0.01). There was no change in VEGF mRNA level in the cells when incubated in the media with 15 mM D-glucose (data not shown), suggesting that the suppression of VEGF expression by HG is dose-dependent. However, when the cells were cultured in high osmolarity media (24.5 mM manntiol + 5.5 mM D-glucose), no significant change in VEGF mRNA was observed in rMAPCs (18.4 ± 0.7, *n*= 4, *P* \> 0.05 *versus* normal media), indicating that the decreased VEGF gene expression by HG in rMAPCs was independent of HO.

![High glucose suppresses VEGF expression in rMAPCs independent of hyperosmolarity. (A) VEGF mRNA level was significantly decreased in rMAPCs when exposed to 30 mM D-glucose for 24 hrs as analysed using real-time PCR. (B) The amount of VEGF protein released in the rMAPCs-conditioned media was dramatically reduced to undetectable level as measured by ELISA after 48 hrs of incubation with 30 mM D-glucose. NG: rMAPCs were incubated in the media with 5.5 mM D-glucose (normal media); HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol (hyperosmalarity). \**P* \< 0.01 compared with NG (5.5 mM D-glucose), *n*= 4.](jcmm0013-3427-f1){#fig01}

VEGF protein released from rMAPCs was then determined in the conditioned media using ELISA. As shown in [Fig. 1B](#fig01){ref-type="fig"}, a significant amount of VEGF protein (627.7 ± 67.7 pg/ml, *n*= 4) was detected in the media with normal D-glucose level after 48 hrs of culture. No detectable VEGF was released in the media after 24 hrs of incubation (data not shown). However, detectable intracellular VEGF was present in rMAPCs after 24 hrs of culture with immunofluorescence staining ([Fig. 2A](#fig02){ref-type="fig"}). When rMAPCs were cultured in the media with 30 mM D-glucose, the VEGF production was dramatically decreased with a VEGF concentration below the detectable level by ELISA (*P* \< 0.001) in the media after 48 hrs of incubation. The intracellular VEGF level was also significantly decreased on immunofluorescence staining in the cells exposed to HG media after 24 hrs of incubation ([Fig. 2B](#fig02){ref-type="fig"}). As expected, VEGF production in rMAPCs was not affected by mannitol with a VEGF concentration of 519.8 ± 64.3 pg/ml (*n*= 4, *P* \> 0.05 *versus* normal media) in the conditioned media after 48 hrs of incubation. The presence of intracellular VEGF was also confirmed by immunofluorescence staining in the cells after 24 hrs of culture in the media with mannitol ([Fig. 2C](#fig02){ref-type="fig"}). These data suggested that suppression of VEGF production by high level of D-glucose was not secondary to HO.

![Effect of high glucose on intracellular production of VEGF in rMAPCs. Intracellular accumulation of VEGF in rMAPCs was significantly decreased by high glucose independent of hyperosmolarity as evaluated by immunofluorescence staining after 24 hrs of incubation with 30 mM D-glucose. NG: rMAPCs were incubated in the media with 5.5 mM D-glucose (normal); HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol.](jcmm0013-3427-f2){#fig02}

Effects of HG on apoptosis and proliferationof rMAPCs
-----------------------------------------------------

To rule out the possibility that suppression of VEGF production was due to a reduction of viable cell number in the setting of HG level, the effects of elevated D-glucose on cell apoptosis and proliferation of rMAPCs were evaluated. As shown in [Fig. 3A](#fig03){ref-type="fig"}, there was a low level of cell apoptosis (5.5 ± 0.4%, *n*= 4) when the cells were cultured in the normal expansion media with D-glucose concentration of 5.5 mM. The apoptosis level of rMAPCs was not changed when cultured in the media with D-glucose concentration of 30 mM for 48 hrs (5.3 ± 0.4%, *n*= 4, *P* \> 0.05). The proliferation rate of rMAPCs was also not affected by 30 mM D-glucose or mannitol ([Fig. 3B](#fig03){ref-type="fig"}). However, when D-glucose concentration was increased to 50 mM or above, the proliferation rate of rMAPCs was significantly decreased as shown in [Fig. 3C](#fig03){ref-type="fig"}. These data indicate that HG or mannitol is not toxic to rMAPCs under our experimental conditions when their concentrations are below 50 mM, and that the reduction of VEGF production by HG is indeed not due to reduced cell proliferation or increased cell apoptosis.

![Effect of high glucose on the apoptosis and proliferation of rMAPCs. The rates of apoptosis (A) and proliferation (B) of rMAPCs were not affected by high glucose (30 mM D-glucose) or hyperosmolarity after 48 hrs incubation as evaluated by flow cytometry and BrdU colorimetric immunoassay, respectively. However, the cell proliferation rate was significantly decreased when the cells were incubated with 50 mM D-glucose (C). NG: rMAPCs were incubated in the media with 5.5 mM D-glucose; HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol.](jcmm0013-3427-f3){#fig03}

Effects of HG on Akt phosphorylation in rMAPCs
----------------------------------------------

To determine whether Akt phosphorylation in rMAPCs was affected by HG, the cells were cultured in the media with NG (5.5 mM) or HG (30 mM) or high osmolarity with mannitol (30 mM). Western immunoblot analysis demonstrated that the total and phosphorylated Akt levels in rMAPCs were the same for all three groups as shown in [Fig. 4A and B](#fig04){ref-type="fig"}, suggesting that Akt expression and activation were not affected by HG or HO.

![The expression and activation of Akt in rMAPCs were not altered by high glucose or hyperosmolarity after 48 hrs incubation as analysed by Western blot. (A) Representative Western blot for Akt (both total and phosphorylated). (B) Bar graph showing the relative band intensity of the tyrosine-phosphorylated Akt. Results represented the mean ± S.E. of 4 independent experiments. NG: rMAPCs were incubated in the media with 5.5 mM D-glucose; HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol.](jcmm0013-3427-f4){#fig04}

Effects of HG on phosphorylationof JAK2 and STAT3 in rMAPCs
-----------------------------------------------------------

As shown in [Fig. 5](#fig05){ref-type="fig"}, constitutive activation of JAK2 (Tyr-1007/1008) and STAT3 (Tyr-705) was observed in rMAPCs cultured in normal media with D-glucose concentration of 5.5 mM for 24 hrs. The tyrosine phosphorylation of both JAK2 ([Fig. 5A](#fig05){ref-type="fig"} and [C](#fig05){ref-type="fig"}) and STAT3 ([Fig. 5B](#fig05){ref-type="fig"} and [D](#fig05){ref-type="fig"}) were dramatically inhibited in rMAPCs when cultured in the media with high D-glucose concentration of 30 mM by 70% and 68%, respectively (*P* \< 0.05). No changes in the tyrosine phosphorylation of either JAK2 or STAT3 were observed in rMAPCs when exposed to mannitol, indicating that HG inhibits the activation of JAK2/STAT3 signalling pathway independent of HO.

![High glucose significantly inhibited the phosphorylation of JAK2 and STAT3 in rMAPCs after 24 hrs of incubation. (A) Tyrosine phosphorylation of JAK2 was dramatically suppressed by high glucose independent of hyperosmolarity as evaluated by Western blot analysis. The bar graph (C) showed the relative band intensity of phosphorylated JAK2. (B) Phosphorylation of STAT3 was markedly blocked by high glucose independent of hyperosmolarity as evaluated by Western blot analysis. The bar graph (D) showed the relative band intensity of phosphorylated STAT3. NG: rMAPCs were incubated in the media with 5.5 mM D-glucose; HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol. \**P* \< 0.01 compared with NG (5.5 mM D-glucose), *n*= 4.](jcmm0013-3427-f5){#fig05}

Effects of HG on nuclear translocation of phosphorylated STAT3 in rMAPCs
------------------------------------------------------------------------

STAT3 phosphorylation at tyrosine 705 followed by nuclear translocation is required to initiate various biological responses \[[@b20], [@b21]\]. Rat MAPCs cultured in normal media with D-glucose concentration of 5.5 mM for 24 hrs showed the presence of significant amount of phosphorylated STAT3 (skyblue) in the cytoplasma and nuclei (blue) as shown in [Fig. 6A](#fig06){ref-type="fig"}, confirming that the phosphorylated STAT3 was successfully translocated into the nuclei. The level of phosphorylated STAT3 in the cytoplasma and nuclei was not altered in the cells when cultured in the media with mannitol as expected ([Fig. 6C](#fig06){ref-type="fig"}). However, the phosphorylated STAT3 protein content was dramatically decreased in the cytoplasma and nuclei of rMAPCs cultured in the media with high D-glucose of 30 mM ([Fig. 6B](#fig06){ref-type="fig"}), further confirming that STAT3 phosphorylation and its subsequent nuclear translocation were suppressed by HG.

![Effect of high glucose on nuclear translocation of phophorylated STAT3 in rMAPCs. Phosphorylated STAT3 was present in both cytoplasma and nuclei of rMAPCs after 24-hr culture in normal media as evaluated by immunofluorescence staining with antibody against phosphor-STAT3 (FITC, green) in combination with DAPI (blue) to stain the nuclei (A). The phosphorylated STAT3 in the cytoplasma and in the nuclei was significantly decreased in the cells after incubation in the media with 30 mM D-glucose (B). However, the phosphorylated STAT3 in the cytoplasma and in the nuclei was not affected in the cells cultured in the media with mannitol (C).](jcmm0013-3427-f6){#fig06}

Effects of AG490 on JAK2/STAT3 signalling and VEGF expression in rMAPCs
-----------------------------------------------------------------------

To refine the relationship between VEGF expression and JAK2/STAT3 signalling pathway in rMAPCs, the cells were pretreated with the selective JAK2 phosphorylation inhibitor AG490 (50 mM) for 2 hrs. As expected, AG490 significantly inhibited STAT3 tyrosine phosphorylation in the cells cultured in normal media (5.5 mM D-glucose) by 80.9% (*P* \< 0.01), and in the cells in the media with mannitol (24.5 mM) by 44.4% (*P* \< 0.05) as shown in [Fig. 7A](#fig07){ref-type="fig"} and [B](#fig07){ref-type="fig"}. There was a significant decrease in STAT3 phosphorylation in the cells incubated in the media with HG (30 mM) by 57.1% compared to that in normal media (*P* \< 0.05) ([Fig. 7A](#fig07){ref-type="fig"} and [B](#fig07){ref-type="fig"}). When pre-treated with AG490, there was a trend of further reduction in STAT3 phosphorylation in the cells cultured in HG media, but the change was not significant statistically (*P* \> 0.05).

![Effect of the specific JAK2 phosphorylation inhibitor AG490 on STAT3 phosphorylation and VEGF expression in rMAPCs. (A) Tyrosine phosphorylation of STAT3 was significantly decreased as evaluated by Western blot analysis in rMAPCs cultured either in normal or high glucose or mannitol media in the presence of AG490. (B) Bar graph showed the relative band intensity of phosphorylated STAT3. (C) The transcriptional expression of VEGF was significantly decreased in rMAPCs by AG490 in all three groups after 24 hrs of incubation as analysed using real-time PCR. \**P* \< 0.01; \#*P* \< 0.05 compared with control (without AG490), *n*= 4. NG: rMAPCs were incubated in the media with 5.5 mM D-glucose; HG: rMAPCs were incubated in the media with 30 mM D-glucose; and HO: rMAPCs were incubated in the media with 24.5 mM mannitol. AG490: cells were treated with AG490 (50 uM).](jcmm0013-3427-f7){#fig07}

In parallel to a decrease in STAT3 phosphorylation, pretreatment of the cells with AG490 significantly suppressed VEGF gene expression as indicated by a dramatic reduction in mRNA levels as demonstrated in [Fig. 7C](#fig07){ref-type="fig"}. The VEGF mRNA was significantly decreased by 67% and 87% in the cells cultured in normal media and in the media with mannitol in the presence of AG490 (*P* \< 0.01), respectively. The VEGF gene expression was suppressed in the cells cultured in HG media (30 mM D-glucose) with 50% reduction in mRNA level (*P* \< 0.05) as expected. The VEGF mRNA was further reduced significantly by 62% when the cells were pre-treated with AG490 (*P* \< 0.05) as shown in [Fig. 7C](#fig07){ref-type="fig"}. No measurable VEGF protein was released in the conditioned media after 24 and 48 hrs of culture in the presence of AG490 (50 mM) using ELISA in all the cells cultured in normal media or with HG or mannitol (data not shown). These data strongly suggest that VEGF expression in rMAPCs is mediated *via* JAK2/STAT3 signalling pathway.

Discussion
==========

Cardiovascular dysfunction is a major and yet challenging complication in the patients with DM with reduction in coronary collateral vessel formation and angiogenesis \[[@b31], [@b32]\]. The mechanisms are complex and still poorly defined. VEGF plays an essential role in the processes of angiogenesis and maintenance of endothelial integrity (both structurally and functionally) \[[@b11], [@b12]\]. In the present study, we demonstrated for the first time that HG suppressed VEGF expression and inhibited JAK2/STAT3 signalling pathway in rMAPCs.

VEGF is expressed in many different cell types including cardiomyocytes, fibroblasts, retinal percytes and bone marrow mesenchymal stem cells as well as human bone marrow-derived progenitor cells \[[@b13], [@b19], [@b33]--[@b35]\]. In the present study, we showed that rMAPCs produced a significant amount of VEGF in culture that was confirmed by both mRNA transcription and protein expression. These cells may represent an important source of VEGF especially in the setting of cellular therapy for ischaemic diseases when bone marrow stem cells are delivered in the ischaemic areas like myocardial infarction \[[@b14], [@b36]\]. This may provide a molecular explanation (at least in part) for the beneficial effects of bone marrow stem cell transplantation in experimental ischaemic animal models \[[@b15], [@b16], [@b37]\]. Indeed, detectable VEGF protein was present in the areas surrounding the injection sites with mouse MAPCs in a mouse ischaemic limb model \[[@b38]\]. The increased vascularity and improved left ventricular function after myocardial infarction was not due to differentiation and direct contribution of mouse MAPCs to the vascular or cardiomyocyte compartment after cell transplantation. Instead, the beneficial effects were largely contributed by secreting vascular growth factors like VEGF and TGF-b by the stem cells, resulting in increased angiogenesis and cardioprotection \[[@b39]\]. In addition to bone marrow, MAPCs were present in many tissues including fat tissue, muscle and brain \[[@b40]\]. The initial release of VEGF from the local ischaemic tissue (like muscle) may be important to tissue regeneration and repair since VEGF helps to recruit bone marrow-derived progenitor cells to ischaemic tissue \[[@b41]\]. Once the bone marrow progenitor cells arrive at the ischaemic area, they produce more VEGF, and in return more stem cells are attracted to the area. This positive reinforcement process will continue until the local ischaemia resolves.

The regulation of VEGF expression or production is complex and involves many factors, including (but not limited to) hypoxia, nitric oxide and TGF-b \[[@b26], [@b42], [@b43]\]. STAT3 is an important regulator for the expression of VEGF in cardiac myocytes, bone marrow mesenchymal stem cells and the majority of malignant cells \[[@b19], [@b44], [@b45]\]. Activation of STAT3 enhances the transcription of VEGF promoter in cancer cells \[[@b46]\], thus leading to an increased production of VEGF and promotion of endothelial cell proliferation, migration and vascular formation \[[@b44]\]. Interestingly, VEGF also stimulates tyrosine phosphorylation of STAT3 rapidly and induces its nuclear translocation in endothelial cells \[[@b23], [@b24]\]. Thus, bi-directional interactions are present between STAT3 and VEGF.

Plasma VEGF is elevated in DM patients in general \[[@b47]\]. However, the vascular responses to hyperglycemia in diabetic microvascular diseases and macrovascular disorders are totally opposite (increased neovascularization *versus* decreased vascular formation) \[[@b1]--[@b5]\]. This mystery is explained at least partially by the finding that VEGF and its receptors are differentially expressed in different organ systems in DM \[[@b35]\]. Thus, the microenvironment is the crucial determinant for the development of diabetic vasculopathy. One important finding in the present study is that HG significantly inhibits VEGF gene expression and production in rMAPCs. There is adequate evidence suggesting that bone marrow stem cells like MAPCs are important contributors to angiogenesis and vascular re-endothelialization after injury \[[@b26]\], and likely local production of VEGF. It has been reported that HG leads to deficient endothelial cell proliferation \[[@b48]\] and impaired survival \[[@b49]\], thus leading to reduced cell number. To rule out the possibility that the reduced VEGF production was due to reduced number of rMAPCs, we observed that the rates of cell apoptosis and proliferation of rMAPCs were not affected by D-glucose when its concentration was below 50 mM. Our data may serve as a molecular explanation for the development of macrovascular diseases in diabetic patients. These results may also have important clinical impact on the selection of patients for cell therapy with bone marrow stem cells especially diabetic patients with poor glucose control.

To investigate the role of STAT3 in the regulation of VEGF expression in rMAPCs, we monitored the status of activation of JAK2/STAT3 signalling pathway in these cells with or without HG. We observed that the expression of VEGF in rMAPCs was associated with phosphorylation of both JAK2 and STAT3 as well as nuclear translocation of phosphorylated STAT3. Suppression of VEGF expression in these cells by HG was associated with significant inhibition of both JAK2 and STAT3 phosphorylation and the nuclear translocation of phosphorylated STAT3, suggesting a close relationship between VEGF expression and STAT3 signalling in these cells. To further define the role of STAT3 signalling in VEGF expression in rMAPCs, the activation of JAK2/STAT3 was blocked with the selective inhibitor AG490. As expected, VEGF expression was significantly suppressed in the cells when the JAK2/STAT3 signalling pathway was inhibited by AG490 to a level that is comparable to that in the setting of HG exposure. These results support the rationale that HG suppresses VEGF expression in rMAPCs very likely through the blockage of JAK2/STAT3 signalling pathway. Our finding that JAK2/STAT3 signalling in rMAPCs is impaired by HG is consistent with a previous report that STAT3 signalling is defective in diabetic mice \[[@b50]\]. However, further studies using STAT3 overexpression are needed to further confirm the involvement of this pathway in VEGF expression in rMAPCs. It is also interesting to investigate the mechanism(s) involved in the regulatory control of JAK2/STAT3 signalling by HG in these cells in the future. Of note, the inhibitory effects of HG on JAK2 and STAT3 phosphorylation and VEGF expression in rMAPCs were achieved at a glucose concentration that was seen clinically in patients with DM. Another potential mechanism for the regulation of VEGF expression is PI3k/Akt signalling \[[@b51]\]. However, in our study no change in Akt phosphorylation was observed by HG in rMAPCs, suggesting that PI3K/Akt signalling is not essential for VEGF expression in rMAPCs.

In summary, our data showed that HG suppressed VEGF expression in rMAPCs in association with inhibition of JAK2/STAT3 signalling pathway. These results may offer an explanation for the development of macrovasculopathy in diabetes. Future *in vivo* studies are needed to investigate the effects of HG on bone marrow stem cells.
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